Epigenetic regulation of gene expression is critical to phenotypic maintenance and transition of human breast cancer cells. HOX antisense intergenic RNA (HOTAIR) is a long intergenic noncoding RNA that epigenetically represses gene expression via recruitment of enhancer of zeste homolog 2 (EZH2), a histone methyltransferase. Elevated expression of HOTAIR promotes progression of breast cancer. In the current study we examined the expression and function of HOTAIR in MCF-7-TNR cells, a derivative of the luminal-like breast cancer cell line MCF-7 that acquired resistance to TNF-α-induced cell death. The expression of HOTAIR, markers of the luminal-like and basal-like subtypes, and growth were compared between MCF-7 and MCF-7-TNR cells. These variables were further assessed upon inhibition of HOTAIR, EZH2, p38 MAPK,
INTRODUCTION
Altered death receptor signaling and resistance to subsequent apoptosis is a critical determinant in response to chemotherapy in patients with breast cancer. Laboratory derived chemo-resistant variants of breast cancer cell lines provide a platform to explore the molecular mechanisms of drug resistance. We have generated and investigated a MCF-7 variant, MCF-7-TNR cells that survived progressive exposure to tumor necrosis factor-α (TNF-α) and acquired resistance to cell death induced by TNF-α and several chemotherapeutic agents [1] [2] [3] [4] . As revealed by gene expression arrays, MCF-7-TNR cells exhibit profound changes in three major signaling pathways that are intrinsically linked to multidrug resistance phenotype: 1) Attenuated estrogen receptor; 2) Diminished death receptor; and 3) Activated epithelial to mesenchymal transition (EMT) [4] . When implanted orthotopically in mice MCF-7-TNR cells exhibit greater tumorigenic activity than MCF-7 cells [4] . The MAPK pathway mediates dysregulated gene expression and aggressive behaviors in MCF-7-TNR cells. MCF-7-TNR cells exhibit greater basal activity of p38 MAPK than MCF-7 cells [1] . As a consequence, MCF-7-TNR displays hyperactive NF-κB pathway, a pro-survival pathway that is downstream of the p38 MAPK pathway [5] . Activation of another MAPK kinase, MEK5-ERK5 mediates the TNF-α resistance and EMT phenotype in MCF-7-TNR cells [6] .
A large number of long intergenic non-coding RNAs (lincRNA) regulate gene expression via their interaction with chromatin modification complexes [7, 8] . One of the lincRNAregulated chromatin modification complexes is polycomb repressive complex2 (PRC2) that catalyzes tri-methylation of histone H3 lysine 27 (H3K27me3), a histone code for transcriptional repression [9, 10] . Among the PRC2-interacting lincRNAs, HOX antisense intergenic RNA (HOTAIR) is a HOXC cluster-derived lincRNA that recruits PRC2 to its target genes [11, 12] . HOTAIR is a novel oncogene in breast cancer because elevated expression of HOTAIR promotes metastasis of breast cancer cells and correlates with poor prognosis in patients with breast cancer [13] . How the expression of HOTAIR is upregulated in breast cancer remains unclear.
In the current study we investigate HOTAIR expression and function in MCF-7-TNR cells, the multidrug resistant variant of MCF-7 breast cancer cells, and in the basal-like breast cancer cells.
MATERIALS AND METHODS

Reagents and Plasmids
3-Deazaneplanocin A (DZNEP), a pharmacological inhibitor of enhancer of zeste homolog 2 (EZH2), the catalytic subunit of PRC2, was purchased from Cayman Chemical (Cat #13828, Ann Arbor, MI) [14] . Bosutinib, an inhibitor of SRC kinase, was purchased from LC Laboratories (Cat #B1788, Woburn MA) [15] . SB203580, a p38-specific inhibitor was purchased from InvivoGen (Cat #tlrl-sb20, San Diego CA) [16] . Recombinant human TNF-α was purchased from R&D Systems (Cat #210-TA-005, Minneapolis MN). Paclitaxel, a therapeutic inhibitor of mitosis, was purchased from Sigma (Cat #T1912, St. Louis MO).
Cell Culture
The luminal-like human breast cancer cell line MCF-7 cells (N variant) and its multidrug resistant derivative MCF-7-TNR cells were cultured as we previously described [17] . MCF-7-TNR cells are a variant of the parental MCF-7 cells that survived progressive exposure to TNF-α and acquired resistance to multiple chemotherapeutic agents, such as taxol [1, [4] [5] [6] 18] . The basal-like human breast cancer cell lines BT-549 and MDA-MB-157 were purchased from ATCC (Manassas VA) and cultured in DMEM supplemented with 10% FBS.
Transient Transfection
The human HOTAIR-specific Mission siRNA (HOTAIRsiRNA) and the control Mission siRNA were purchased from Sigma (St. Louis MO). Most of the HOTAIR knockdown was achieved using the HOTAIRsiRNA with a Sigma ID SASI_Hs02_00380445. The salient findings were confirmed using a second HOTAIRsiRNA with a Sigma ID SASI_Hs02_00380446. The HOTAIRsiRNA or a control siRNA (CTLsiRNA, Sigma) was transfected at 60 nM into MCF-7-TNR cells using the reverse transfection protocol with RNAiMAX per the provider's instructions (Invitrogen, Carlsbad CA) [19] . Cell culture was terminated at 72 hrs after transfection for cell counting, RNA extraction, and protein extraction.
Colony Formation in Soft Agar Assay
Colony formation in soft agar culture was used to measure anchorage independent growth of MCF-7 and MCF-7-TNR cells as described elsewhere [20] . Briefly, MCF-7 and MCF-7-TNR cells were seeded at 4,000 cells/well in soft agar in a 6-well culture plate. Colony formation was monitored for three weeks. Cell culture was stained using crystal violet and the visible colonies were enumerated. The number of colonies from three independent experiments was averaged and compared between MCF-7 and MCF-7-TNR cells.
Cell Proliferation Assay
MCF-7 and MCF-7-TNR cells were seeded at 3 × 10 5 cells/well in 6-well culture plates and cultured for 48 hrs. After trypsinization live cells were counted using a hematocytometer coupled with trypan blue exclusion method. A fold change in cell count was determined by calculating the ratios of the cell number at 48 hrs after seeding over the cell number at seeding. In the selected experiments, the indicated inhibitors or DMSO was added into the culture at 24 hrs after seeding and the treated cells were counted at 72 hrs after seeding. When MCF-7-TNR cells were transfected with either HOTAIRsiRNA or CTLsiRNA the transfected cells were counted at 72 hrs after seeding. Each comparison of the treated groups and their corresponding controls consisted of three independent experiments.
Cell Viability Assay
Cell viability post exposure to TNF-α or pacilitaxel was compared between MCF-7-TNR cells transfected with CTLsiRNA or HOTAIRsiRNA using XTT based In Vitro Toxicology Assays (Sigma, St Louis MO) as previously described [21] . At 24 hrs after transfection MCF-7-TNR cells were exposed TNF-α (10 ng/ml) for 24 hrs or pacilitaxel (100 nM) for 48 hrs according to our previous observations [4] . The number of live cells was determined by measuring absorbance at the wavelength of 450 nm. Three independent transfections were carried out in each treated group.
RNA extraction and quantitative RT-PCR
Total cell RNA was extracted using Trizol (Invitrogen Cat #15596026, Carlsbad CA) as we previously described [22] . The mRNA levels of each gene of interest were measured using reverse transcription coupled with quantitative real-time PCR (qRT-PCR) on an iCycler (BIO-RAD, Hercules CA) as we previously described [23] . The sequences of the primers were provided in Supplementary Materials Table 1 . A fold change of each transcript was obtained by normalizing each transcript to the values of 36B4, a house keep gene and by setting the values from the control group to one [24] .
Immunoblot
Total cell lysates were extracted from MCF-7 and MCF-7-TNR cells exposed to the indicated treatments using 1 × Laemmli buffer. The protein levels of the following gene products were measured using immunoblots as we previously described [25, 26] . The antibodies specific for the following proteins were used: EZH2 (BD Biosciences Cat #612666, San Jose CA); p38 MAPK (Cell Signaling Cat # 4511, Danvers MA); p38 MAPK phosphorylated at Thr180/Tyr182 (Cell Signaling Cat #9212); heat shock protein 27 (HSP27, Santa Cruz Cat #sc-1049, Dallas TX); HSP27 phosphorylated at Ser82 (Cell Signaling Cat #2401); HOXC11 (Sigma, Cat #AV32642); Keratin 8 (Millipore Cat #MAB3414, Billerica MA); Versican (VCAN, Thermo Fisher Cat #PA1-1748A, Waltham MA); Stratifin (SFN, Sigma Cat #SAB2500001); β-actin (Cell Signaling Cat #4967). The bound primary antibody was detected using an IRDye800-conjugated anti-rabbit IgG on an Odyssey Infrared Imaging System (Licor Biosciences, Lincoln NE) as we previously described [27] . The immunoblots for KRT8 in Figure 1E and for HOXC11 in Figure 2B shared the same loading control β-actin. Each immunoblot was quantified by densitometry Zhuang et al. Page 4 using NIH Image J. A fold change of each protein of interest was obtained by normalizing to its corresponding loading control and setting the values from the control groups to one. The image of each immunoblot was a representative of three independent experiments.
Chromatin Immunoprecipitation
Chromatin immunoprecipitation was performed as we previously described with minor modifications [21, 28] . EZ ChIP Kit (Cat #17-371) and a ChIP grade H3K27me3-specific antibody (Cat #17-622) were purchased from Millipore (Darmstadt, Germany). MCF-7 and MCF-7-TNR cells were cross-linked in 1% formaldehyde at room temperature for 10 min. Sheared chromatin prepared from roughly 10 7 cells was immunoprecipitated with either the H3K27me3-specific antibody or a negative control antibody. The immunoprecipitated DNA was then recovered, purified, and dissolved in 40 μl of nuclease-free water. Two μl of each sample was used for quantitative PCR (qPCR). The sequences of the primers specific for the human HOTAIR and HOXC11 promoters were provided in Supplementary Materials Table  1 . The input of each gene promoter was also measured using qPCR. The ratios of the immunoprecipitated promoters versus their corresponding input were compared between MCF-7 and MCF-7-TNR cells. A fold change of each promoter was established by setting the values from MCF-7 cells to one.
Statistical Analysis
When presented, means and standard deviations were obtained from at least 3 independent experiments. A P value between any two compared groups was determined using unpaired two-tailed Student's T-test (GraphPad Prism, Version 5).
RESULTS
Dysregulated growth and gene expression in MCF-7-TNR cells
MCF-7-TNR cells are a MCF-7 variant that survived progressive exposure to TNF-α and acquired resistance to cell death induced by TNF-α and several chemotherapeutic reagents [1, 4, 5, 29] . In congruence to their striking phenotypic difference 3404 genes are significantly differentially expressed between MCF-7 and MCF-7-TNR cells (P value<0.05, fold change>2) as revealed by gene expression arrays [4] . Those genes can be clustered into functional signaling categories using the Kyoto Encyclopedia of Genes and Genomes database (KEGG) and Gene Ontology algorithms as described in Table 1 in our previous report [4] . The clustered signaling categories revealed alterations in three major signaling pathways: 1) Attenuated estrogen receptor signaling; 2) Diminished death receptor signaling; and 3) Activated epithelial to mesenchymal transition (EMT) signaling [4] . The KEGG analysis also revealed enrichment of two growth related signaling pathways, i.e., p53 Signaling and Cell Cycle (see Table 1 in the referred article) [4] . Twenty-eight differentially expressed genes were clustered into the KEGG Cell Cycle pathway and nineteen differentially expressed genes were clustered into the KEGG p53 Signaling pathway (Supplementary Tables 2 & 3) . These findings prompted us to examine growth of MCF-7-TNR cells in vitro. In soft agar colony formation assays, MCF-7-TNR cells exhibited a 4.7-fold increase in colony formation (79.8±20.86/well) over that of MCF-7 cells (17±2.12/well) ( Figure 1A , P<0.01). In cell proliferation assays, MCF-7-TNR cells exhibited a remarkable 6.9-fold increase in cell count after 48 hrs in culture, whereas MCF-7 exhibited a modest 2.7-fold increase ( Figure 1B , P<0.001). Dysregulated expression of the KEGG p53 Signaling and Cell Cycle genes were highlighted with reduced expression of the mediators of cell cycle arrest and apoptosis, e.g., p21 waf1/cip1 (CDKN1A), caspase 8 (CASP8), and Growth arrest and DNA-damage-inducible protein GADD45 gamma (GADD45G) in MCF-7-TNR cells (Supplementary Tables 2 & 3) . We chose to focus on Stratifin (SFN, also named 14-3-3σ) because 1) SFN was one of the most repressed genes in both signaling pathways (Supplementary Tables 2 & 3) ; 2) SFN arrests cell proliferation and functions as a tumor suppressor in breast cancer [30] ; 3) Expression of SFN is repressed in breast carcinoma cells through epigenetically hypermethylation of the SFN promoter [31] . Suppression of SFN expression was confirmed by qRT-PCR as the mRNA levels of the SFN gene in MCF-7-TNR cells were reduced to 1% of that in MCF-7 cells ( Figure 1C , P<0.001). This observation led us to investigate whether silencing of SFN in MCF-7-TNR cells required HOTAIR in the latter part of the current study. Although not addressed in the current manuscript it is noteworthy that p21 waf1/cip1 is recently reported as a target gene of HOTAIR and EZH2 [32, 33] . Thus simultaneous repression of multiple growth inhibitory genes may contribute to accelerated growth of MCF-7-TNR cells.
Accelerated proliferation generally impairs maintenance of cell differentiation [34] . In accordance, the tumors formed by the grafted MCF-7-TNR cells exhibit a loss of glandular histology that is characteristic of the grafted MCF-7 cells [4] . To search for the dysregulated gene expression programs underlying the phenotypic change in MCF-7-TNR cells we analyzed the differentially expressed genes between MCF-7 and MCF-7-TNR cells using Gene Set Enrichment Analysis (GSEA) coupled with C2 the Curated Gene Sets in the GSEA's MSigDB collection [35] . We used a cutoff FDR value of 25% as recommended by GSEA's user guide. Thirty-seven gene sets were negatively enriched in MCF-7-TNR cells relative to MCF-7 cells (Supplementary Table 4 ). Forty-three gene sets were positively enriched in MCF-7-TNR cells relative to MCF-7 cells (Supplementary Table 5 ). The enriched gene sets featured two gene sets that distinguish the luminal-like breast cancer cells from the basal-like cancer cells as reported in a comprehensive gene expression profiling of human breast cancer cell lines (source of the gene sets: Table 2S in the referred article) [36] . MCF-7-TNR cells were negatively enriched in the gene set CHARAFE_BREAST_CANCER_LUMINAL_VS_BASAL_UP that consists of the genes of higher expression in the luminal-like breast cancer cell lines than the basal-like ones (Supplementary Table 6 ). In contrast MCF-7-TNR cells were positively enriched in the gene set CHARAFE_BREAST_CANCER_LUMINAL_VS_BASAL_DN that consists of the genes of higher expression in the basal-like breast cancer cell lines than the luminal-like ones (Supplementary Table 7 ). We inferred from these findings that MCF-7-TNR cells lost expression of the luminal-like markers and simultaneously acquired expression of the basallike markers. This luminal to basal transition was solidified by dysregulated expression of the selected luminal-like/basal-like markers in MCF-7-TNR cells. The mRNA levels of the selected luminal-like markers GATA3, FOXA1, keratin 8 (KRT8), keratin (KRT18), and Ecadherin (E-cad) in MCF-7-TNR cells were substantially reduced when compared to MCF-7 cells (2% in GATA3, P < 0.05; 12% in FOXA1, P < 0.001; 0.4% in KRT8, P < 0.01; 1.7% in KRT18, P < 0.01; 2.7% in E-cad, P < 0.01) ( Figure 1C ). In contrast the mRNA levels of the selected basal-like markers FOXC1, FYN, and versican (VCAN) displayed a substantial increase in MCF-7-TNR cells over that in MCF-7 cells (629-fold in VCAN, P < 0.01; 6-fold in FOXC1, P < 0.001; 30-fold in FYN, P < 0.01) ( Figure 1D ). We further confirmed the dysregulated expression of the growth regulators and luminal-like/basal-like markers using immunoblots. The protein levels of E-cad, KRT8, and SFN were nearly undetectable in MCF-7-TNR cells when compared with that in MCF-7 cells ( Figure 1E ). In contrast, the protein levels of the basal-like marker VCAN exhibited a 2.5±0.3-fold increase (P < 0.01) in MCF-7-TNR cells over that in MCF-7 cells ( Figure 1E ). These results correlated accelerated growth with dysregulated expression of the luminal-like/basal-like markers in MCF-7-TNR cells.
Elevated expression of HOTAIR in MCF-7-TNR cells
In our GSEA analysis we noticed that 4 enriched gene sets were related to PRC2. Those gene sets were 1) BENPORATH_SUZ12_TARGETS; 2) BENPORATH_EED_TARGETS; 3) BENPORATH_PRC2_TARGETS; 4) BENPORATH_ES_WITH_H3K27ME3 (Supplementary Table 5 ) (source of the gene set: Table 1S in the referred article) [37] . Out of the PRC2 target genes in the BENPORATH_PRC2_TARGETS gene set, the expression of 145 genes were altered in MCF-7-TNR cells with ~60% of them being up-regulated and ~40% of them being down-regulated when compared with MCF-7 cells (Supplementary Table 8 ). Interestingly this gene set featured the HOX gene family that is a wellcharacterized transcriptional target of PRC2 [38] . Indeed 27 HOX genes were substantially up-regulated in MCF-7-TNR cells when compared with MCF-7 cells (Supplementary Table  9 ). To confirm a broadly dysregulated expression of the HOX genes we encompassed all four HOX gene clusters by choosing HOXA9, HOXB7, HOXC11, and HOXD8. HOXA9 was chosen because it regulates the expression of BRCA1, a master regulator of breast cancer [39] . HOXB7 was chosen because its overexpression in breast cancer mediates drug resistance and EMT [40] . HOXC11 was chosen because it mediates resistance to endocrine therapy via interaction with steroid receptor coactivator-1 and its expression correlates with poor disease-free survival in breast cancer [41] . Moreover the transcription start site of HOXC11 is roughly 3 kb away from the transcription start site of HOTAIR and HOTAIR is transcribed in an antisense fashion relative to HOXC11 [11] . Therefore those two genes potentially share a bi-directional promoter and are intertwined with respect to their transcriptional regulation. HOXD8 was chosen because it resides in the HOXD cluster that is repressed by HOTAIR in normal human fibroblasts [11] . The aberrant expression of those 4 HOX genes from each cluster was confirmed as the four selected HOX genes exhibited substantial increase in their mRNA levels in MCF-7-TNR over MCF-7 (102597-fold in HOXA9, P < 0.001; 4.1-fold in HOXB7, P < 0.01; 106-fold in HOXC11, P < 0.001; 30-fold in HOXD8, P < 0.01) (Figure 2A ). Moreover the protein levels of HOXC11 exhibited a 2.7±0.6-fold increase (P < 0.01) in MCF-7-TNR cells over that in MCF-7 cells ( Figure 2B ). Elevated expression of HOXC11 prompted us to examine the expression of its neighbor, the tumor-promoting lincRNA HOTAIR gene in MCF-7-TNR cells [11, 13] . Similar to HOXC11, the RNA levels of HOTAIR in MCF-7-TNR cells exhibited a 69-fold increase over that in MCF-7 cells ( Figure 2C , P < 0.001). Because the HOX genes are tightly regulated by PRC2-mediated H3K27me3, we performed H3K27me3-specific ChIP assays to examine H3K27me3 occupancy on the HOTAIR and HOXC11 promoters. Consistent with induction of HOXC11 and HOTAIR, the HOXC11 and HOTAIR promoters exhibited a 90% and 80% decrease in association with H3K27me3, respectively ( Figure 2D , P < 0.05).
Because MCF-7-TNR cells featured gene expression characteristic of the basal-like subtype we examined the RNA levels of HOTAIR in two native basal-like subtype cell lines, BT-549 and MDA-MB-157 [36, [42] [43] [44] [45] [46] [47] [48] [49] . Indeed the RNA levels of HOTAIR in BT-549 and MDA-MB-157 cells were 80-and 60-fold higher than that in MCF-7 cells, respectively ( Figure 2E , P < 0.001). We questioned whether the protein-coding HOX genes were also differentially expressed between the luminal-like and the basal-like cells. We examined the mRNA levels of HOXA9, HOXB7, HOXC11, and HOXD8 using qRT-PCR. Similar to their expression in MCF-7-TNR cells HOXA9 and HOXC11 exhibited higher expression in BT-549 and MDA-MB-157 than that in MCF-7 (HOXA9: 46-fold and 8-fold higher, respectively; HOXC11: 72-fold and 65-fold higher, respectively) ( Figure 2F ). On the other hand BT-549 and MB-157 exhibited a modestly higher expression of HOXB7 and a significantly lower expression of HOXD8 than MCF-7 cells ( Figure 2F ). These results revealed largely similar, but not identical expression profiles of the HOX genes in the native basal-like BT-549 and MDA-MB-157 cells and the basal-like MCF-TNR cells transitioned from the luminal-like MCF-7 cells.
Requirement of HOTAIR for dysregulated growth and gene expression in MCF-7-TNR cells
Elevated expression of HOTAIR prompted us to examine the role of HOTAIR in dysregulated growth and gene expression in MCF-7-TNR cells. We transfected MCF-7-TNR cells with either HOTAIRsiRNA or CTLsiRNA. RNAi-mediated knockdown of HOTAIR was confirmed by a 70% reduction of the RNA levels of HOTAIR in the HOTAIRsiRNA transfected group when compared with that in the CTLsiRNA transfected group ( Figure 3A , P < 0.05). HOTAIRsiRNA diminished proliferation of MCF-7-TNR cells as the HOTAIRsiRNA group exhibited a 2.9-fold increase in cell count at 72 hrs after transfection, whereas the CTLsiRNA group exhibited a 6.1-fold increase ( Figure 3B , P < 0.01). Consequently we examined the expression of the growth inhibitor SFN upon transfection of the HOTAIRsiRNA. HOTAIRsiRNA induced a 3.2-fold increase in the mRNA levels of SFN over that in the CTLsiRNA group ( Figure 3C , P < 0.01). Moreover HOTAIRsiRNA increased the mRNA levels of the luminal markers GATA3 (2.9-fold, P < 0.01), KRT8 (2.4-fold, P < 0.05), and E-cad (3-fold, P < 0.01) ( Figure 3D ). In contrast HOTAIRsiRNA reduced the mRNA levels of the basal marker VCAN (50%, P < 0.01) ( Figure 3D ). To confirm the HOTAIRsiRNA-altered gene expression at the protein levels we immunoblotted the cell lysates for the luminal-like markers E-cad and KRT8, the basallike marker VCAN, and the growth inhibitor SFN. HOTAIRsiRNA increased the protein levels of E-cad (2.7±0.3-fold, P < 0.01), KRT8 (2.3±0.3-fold, P < 0.001), and SFN (1.8±0.2-fold, P < 0.05) when compared with the CTLsiRNA (Figure 3E ). In contrast HOTAIRsiRNA reduced the protein levels of VCAN by 52±9% (P < 0.01) ( Figure 3E ). Because MCF-7-TNR cells exhibit decreaded cell death signaling and resistance to cell death induced by TNF-α and chemo reagents we compared cell viability using XTT assays when MCF-7-TNR cells were exposed to various combinations of HOTAIRsiRNA, TNF-α, and paclitaxel [4] . As expected, TNF-α at 10 ng/ml did not reduce cell viability in MCF-7-TNR cells ( Figure 3F ). In contrast HOTAIRsiRNA alone caused a >40% decrease in cell viability regardless of TNF-α ( Figure 3F , P < 0.001). Paclitaxel (100 nM) alone caused a modest ~20% decrease (P < 0.01) in cell viability, whereas HOTAIRsiRNA caused ~40% decrease (P < 0.001) regardless of paclitaxel ( Figure 3G ). Although addition of HOTAIRsiRNA to TNF-α or paclitaxel did not result in any synergistic or additive cell death, HOTAIRsiRNA abolished MCF-7-TNR cells' resistance to TNF-α or paclitaxel (Figure 3, F & G) . Similar to the first HOTAIRsiRNA employed in our study a second HOTAIR-specific siRNA HOTAIRsiRNA-2 substantially increased the expression of Ecadherin (2.6-fold, P <0.05) and SFN (2-fold, P < 0.01), and decreased the expression of VCAN (85%, P < 0.05) ( Figure 3H ). In summary these findings indicated requirement of HOTAIR for dysregulated growth and gene expression in MCF-7-TNR cells.
HOTAIR binds to EZH2, the histone methyltransferase in the PRC2 complex, and thereby recruits PRC2 to its target genes [11, 13] . Therefore, we examined the expression of EZH2 in MCF-7-TNR cells. The mRNA levels of EZH2 in MCF-7-TNR cells were 2.6-fold higher than that in MCF-7 cells ( Figure 4A , P < 0.05). In congruence, the protein levels of EZH2 exhibited a 1.9-fold increase over that in MCF-7 cells ( Figure 4B ). To test whether EZH2 was required for dysregulated growth and gene expression in MCF-7-TNR we exposed MCF-7-TNR cells to DZNEP, an EZH2 inhibitor (5 μM) for 72 hrs. DZNEP reduced cell count of MCF-7-TNR cells to a modest 7.6-fold increase vs a 12.3-fold increase in the control group ( Figure 4C , P < 0.001). In concert DZNEP up-regulated the mRNA levels of SFN to a 8.9-fold increase over the control group ( Figure 4D , P < 0.01). Moreover, DZNEP increased the mRNA levels of the luminal-like markers GATA3 (4-fold, P < 0.001), KRT8 (7-fold, P < 0.05), and E-cad (14-fold, P < 0.01) over the control group ( Figure 4E ). In contrast the mRNA levels of the basal-like marker VCAN were reduced to 48% by DZNEP ( Figure 4E , P < 0.05). These results suggested requirement of EZH2 in dysregulated growth and gene expression in MCF-7-TNR cells.
Suppression of HOTAIR expression by inhibition of SRC and p38
SRC and p38 MAPK kinases mediate cell responses to TNF-α [50] [51] [52] . Moreover SRC mediates activation of p38 [53, 54] . As a consequence of their prolonged exposure to TNF-α, MCF-7-TNR cells exhibit hyperactive MAPK signaling, particularly p38 [1] [2] [3] 55] . These observations prompted us to investigate the role of SRC and p38 in elevated expression of HOTAIR in MCF-7-TNR cells. We exposed MCF-7-TNR cells to increasing doses of SB203580, a p38-specific inhibitor (10, 25, and 50 μM) for 72 hrs. The RNA levels of HOTAIR were reduced by SB203580 in a dose dependent fashion as HOTAIR declined to a range from 56% to 10% of that in the control group ( Figure 5A , P < 0.01 & 0.001). In concert SB203580 reduced cell proliferation to a 13-fold increase in cell count at 25 μM and a 10-fold increase at 50 μM, whereas the control group exhibited a 16.7-fold increase ( Figure 5B , P < 0.001). To confirm SB203580-mediated inhibition of p38 MAPK, we examined phosphorylation of HSP27 at Ser82, a phosphorylation event that is dependent on active p38 MAPK and inhibited by SB203580 [56, 57] . As expected one hour exposure of MCF-7-TNR cells to SB203580 resulted in a substantial decrease in phosphorylation of HSP27 at Ser82 (56±5%, P < 0.01) ( Figure 5C ). Consistent with the previous reports SB203580 did not inhibit activating phosphorylation of p38 at Thr180/Tyr182 ( Figure 5C ) [56, 57] . Moreover SB203580 (10 and 50 μM) increased the protein levels of E-cad (9.3±1.3-fold by 50 μM, P < 0.001), SFN (1.8±0.2-fold by 50 μM, P < 0.01), and KRT8 (1.5±0.2-fold by 50 μM, P < 0.001) ( Figure 5D ). We then exposed MCF-7-TNR cells to increasing doses of Bosutinib, an SRC inhibitor (1 & 3 μM) for 72 hrs. The RNA levels of HOTAIR were reduced to 73% by 1 μM Bosutinib and 40% by 3 μM Bosutinib (P < 0.01) over that in the control group ( Figure 5E ). In concert Bosutinib reduced cell count to a 15.6-fold increase at 1 μM and a 10.1-fold increase at 3 μM in (P < 0.05) versus a 17.1-fold increase in the control group ( Figure 5F ). Moreover 1 hr exposure to Bosutinib (3 μM) reduced phosphorylation of p38 at Thr180/Tyr182 (23±4%, P < 0.05) and phosphorylation of HSP27 at Ser82 (63±6%, P < 0.05) ( Figure 5G ). These findings suggested requirement of p38 and SRC kinases in up-regulation of HOTAIR in MCF-7-TNR cells.
Requirement of HOTAIR for the basal-like gene expression and growth in MDA-MB-157 cells
Robust expression of HOTAIR in the basal-like breast cancer cells prompted us to examine the role of HOTAIR in growth and gene expression in the native basal-like breast cancer cells. We transfected MDA-MB-157 cells with either HOTAIRsiRNA or CTLsiRNA. RNAi-mediated knockdown of HOTAIR was confirmed as the RNA levels of HOTAIR in the HOTAIRsiRNA transfected group were reduced to 10% of that in the CTLsiRNA transfected group ( Figure 6A , P < 0.001). HOTAIRsiRNA reduced proliferation of MDA-MB-157 cells because the HOTAIRsiRNA group exhibited a 1.6-fold increase in cell count at 72 hrs after transfection, whereas the CTLsiRNA group exhibited a 2.3-fold increase ( Figure 6B , P < 0.01). Consistent with its inhibition of growth, HOTAIRsiRNA induced a 3.3-fold increase in the mRNA levels of SFN over that in the CTLsiRNA group ( Figure 6C , P < 0.001). Moreover the HOTAIRsiRNA group exhibited an increase in the mRNA levels of the luminal markers GATA3 (1.9-fold, P < 0.001), KRT8 (1.9-fold, P < 0.01), and E-cad (5.1-fold, P < 0.01), as well as a ~50% decrease in the mRNA levels of the basal marker VCAN (P < 0.01) ( Figure 6D ). To confirm our salient findings we transfected MDA-MB-157 cells with a second HOTAIR-specific siRNA HOTAIRsiRNA-2. HOTAIRsiRNA-2 also caused an increase in SFN (1.9-fold, P < 0.05), GATA3 (1.4-fold, P < 0.05), KRT8 (1.7-fold, P < 0.05), and E-cad (2.3-fold, P < 0.05), as well as a decrease in VCAN (56%, P < 0.01) ( Figure 6E ). These findings indicated requirement of HOTAIR for gene expression and growth associated with the basal-like breast cancer cells.
DISCUSSION
Human breast tumors are heterogeneous in their origin, histology, course of progression, and responsiveness to therapy. Genome wide expression profiling clusters human breast tumors into 4 "intrinsic subtypes": normal-like, erbB2+, basal-like, and luminal-like [49] . Clinical presentation of each molecular subtype is tightly linked to its gene expression signature. This gene expression based clustering is further validated in the established human breast cancer cell lines [36, 42] . Plasticity of breast cancer cells may underlie generation and transition of the molecular subtypes [58] . In the current study we investigate the expression and function of HOTAIR in MCF-7-TNR cells, a basal-like variant that originated from the luminal-like MCF-7 cells.
Epigenetic regulation of gene expression, particularly chromatin modifications, plays a critical role in lineage determination and maintenance of molecular subtypes of breast cancer [43, 44, 46] . Our findings suggest HOTAIR as a novel epigenetic determinant of the molecular subtypes of breast cancer. HOTAIR and its partner EZH2 are up-regulated in MCF-7-TNR cells, the basal-like derivative of the luminal-like MCF-7 cells (Figures 2 & 4) . The HOTAIR-EZH2 complex plays a critical role in maintenance of the basal-like phenotype because inhibition of either HOTAIR or EZH2 attenuates dysregulated expression of luminal-like and basal-like markers as well as growth in MCF-7-TNR cells (Figures 3 & 4) . This notion is strengthened by higher expression of HOTAIR in the native basal-like BT-549 and MDA-MB157 cells than the luminal-like MCF-7 cells and requirement of HOTAIR for the basal-like gene expression and growth in MDA-MB-157 cells ( Figure 6 ). It is noteworthy that HOTAIR does not necessarily suppress the HOXD cluster in breast cancer cells because expression of HOTAIR and HOXD8 are concurrently higher in MCF-7-TNR cells, but in opposite direction in MB-157 and BT-549 cells ( Figure  2 , A, C, & E).
Increased expression of EZH2 and HOTAIR is linked to aggressive progression and poor prognosis in breast cancer [13, 59] . Moreover simultaneous up-regulation of HOTAIR and EZH2 might be clinically significant because a recent study of a breast cancer archive correlates simultaneous high expression of EZH2 and HOTAIR with aggressive growth and metastasis [60] . Concurrent increase in HOTAIR and EZH2 in MCF-TNR cells is consistent with the above observations in patients with breast cancer. The expression of EZH2 can be up-regulated through the ERK pathway in breast cancer [61] . The ERK pathway is also hyperactive in MCF-7-TNR cells [2] . It is plausible that in MCF-7-TNR cells the MAPK pathway coordinates the epigenetic program of gene expression via the p38 MAPK mediated up-regulation of HOTAIR (as discussed below) and the ERK MAPK mediated upregulation of EZH2. EZH2 can confer constitutive activation of the NF-κB target genes in the basal-like breast cancer cells, but not in the luminal-like breast cancer cells [62] . Moreover EZH2 acts as a transcriptional co-activator for NF-κB independent of its histone methyltransferase activity [62] . Because HOTAIR expression is higher in the basal-like breast cells (MCF-7-TNR, BT-549, and MDA-MB-157) than the luminal-like breast cancer cells (MCF-7) (Figures 2-4) , it is worth exploring the role of the EZH2-HOTAIR complex in NF-κB-mediated gene activation in the basal-like breast cancer cells.
Despite mounting evidence of elevated expression of HOTAIR in several types of cancer, regulation of HOTAIR expression in cancer cells remains largely unknown. A recent study indicates that HOTAIR is transcriptionally activated by estradiol in MCF-7 cells [63] . Moreover the expression of HOTAIR can be up-regulated by the tumor modulating cues from the tumor microenvironment. For instance, type I collagen, a tumor-promoting extracellular matrix is aberrantly enriched in the tumor microenvironment and up-regulates the expression of HOTAIR in lung cancer cells [64] . The current study links up-regulated expression of HOTAIR in MCF-7-TNR cells to prolonged and progressive exposure to TNF-α, a cytokine that is enriched in the tumor microenvironment. As a consequence of its prolonged exposure to TNF-α, MCF-7-TNR cells exhibit hyperactive kinase activity of p38 [1] [2] [3] 55] . In accordance inhibition of p38 and SRC kinases, two mediators of the cell responses to TNF-α, can diminish the expression of HOTAIR and restore the expression of SFN, E-cad, and KRT8 in MCF-7-TNR cells ( Figure 5 ) [51, 52] . Moreover inhibition of p38 and SRC exerts a growth inhibitory effect similar to that by inhibition of HOTAIR or EZH2 (Figures 3-5) . Inhibition of either p38 or SRC results in decreased phosphorylation of HSP27 at Ser82, a signaling event essential for the molecular chaperone function of HSP27 in response to stress (Figure 5 , C & G) [65] . SRC inhibition also results in decreased phosphorylation of p38 at Thr180/Tyr182, which is consistent with SRC-mediated activation of p38 in response to diverse stimuli ( Figure 5G ) [53, 54] . These findings implicate an SRCp38-HSP27 signaling cascade that activates the expression of HOTAIR in response to cellular stress, such as TNF-α.
The magnitude of induction of HOTAIR expression suggests that the HOTAIR gene is switched from a transcriptionally silent stage in MCF-7 cells to a transcriptionally active stage in MCF-7-TNR cells. Our findings suggest a relief of gene suppression because the HOTAIR and HOXC11 promoters exhibit a decreased occupancy of H3K27me3, a histone code for gene suppression, in MCF-7-TNR cells when compared with that in MCF-7 cells ( Figure 2D ). On the other hand, estradiol activates HOTAIR expression via recruitment of histone methyltransferases mixed lineage leukemia proteins (MLL) to the HOTAIR promoter, and the consequent trimethylation of histone H3 lysine 4 (H3K4me3), a histone code for gene activation [63] . Our results warrant further investigation to determine whether the histone codes for gene activation, such as MLL-mediated H3K4me3, concur with reduced H3K27me3 on the HOTAIR promoter. However it is likely that H3K4me3 on the HOTAIR promoter, if present in MCF-7-TNR cells, is achieved through an ER-independent mechanism because the expression of ER is silenced in MCF-7-TNR cells [4] .
In summary we report an induction of HOTAIR expression during transition from the luminal-like MCF-7 to the basal-like MCF-7-TNR cells. Our results further suggest a critical role of HOTAIR in growth and gene expression in the basal-like breast cancer cells.
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Refer to Web version on PubMed Central for supplementary material. Figure 2B and KRT8 in Figure 1E . C) Similar to part A except that the RNA levels of HOTAIR were compared between MCF-7 and MCF-7-TNR cells. D) ChIP assays were carried out using an H3K27me3-specific antibody in MCF-7 and MCF-7-TNR cells. A) MCF-7-TNR cells were cultured for 96 hrs with or without exposure to SB203580, a p38 inhibitor for 72 hrs (p38-SB-L, -M, and -H indicate a dose at 10 μM, 25 μM, 50 μM, respectively). The RNA levels of HOTAIR were measured using qRT-PCR. A fold change was obtained by normalizing to the house keeping gene 36B4 and setting the values from the DMSO control group to one. B) The culture condition was identical to part A. Cell proliferation was assessed by counting the cells at seeding and harvest. A fold increase in the number of cells was obtained by calculating the ratios of the number of cells at 96 hrs post-seeding over the initial number of cells seeded. C) MCF-7-TNR cells were exposed to DMSO or SB203580 (p38-SB-H indicates a dose at 50 μM) for 1 hr. Immunoblots were carried out to examine the proteins levels of total p38, p38 with Thr180/Tyr182 A fold increase in the number of cells was obtained by calculating the ratios of the number of cells at 72 hrs post-seeding over the initial number of cells seeded. C) Similar to part A except that the mRNA levels of SFN were compared between the CTLsiRNA and HOTAIRsiRNA transfected groups using qRT-PCR. D) Similar to part A except that the mRNA levels of GATA3, KRT8, Ecad, and VCAN were compared between the CTLsiRNA and HOTAIRsiRNA transfected groups. E) Similar to part D except that a second HOTAIRsiRNA (HOTAIRsiRNA-2) was transfected into MDA-MB-157 cells. When presented, means and standard deviations were obtained from three independent experiments. *, **, and *** indicate a P value < 0.01 and 0.001, respectively.
